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Abstract 
This thesis presents life-cycle environmental assessment (LCEA) for carbon and A1010 steel 
girder bridges. This thesis setup a quantitative life-cycle environmental impacts model to help 
decision makers to choose the appropriate material for steel girder bridges under different 
environmental conditions. The overall LCEA process is structured according to ISO 14040 and 
ISO 14042 which are talking about the life-cycle impact assessment of structures.  The LCEA 
process includes the product category rules development, life-cycle inventory analysis and life-
cycle impact analysis. Mote-Carlo simulation is used for inventory and impact analysis and Multi 
Criteria Decision Aid (MCDA) method is used to determine the weighting factors for each impact 
category. Three inventory categories are analyzed for inventory analysis: (1) carbon dioxide, (2) 
sulfur dioxide, (3) nitrogen oxides. Three environmental impact categories are analyzed for life-
cycle impact analysis: (1) global warming potential (GWP), (2) acidification potential (AP), and (3) 
Eutrophication potential (EP). The weighting factors of three impact categories are determined 
according to three environmental criterions: scale, duration and reversibility. By integrating the 
weighting factors and life-cycle impact values a weighted life-cycle environmental impact value 
is obtained. This weighted life-cycle environmental impact can be used to compare the 
environmental impacts of these two different types of steel girder bridges.  
A study case of bridge E-17-AH in Colorado is also included in this thesis which is an example of 
application.  
The results of the LCEA showed that the carbon steel girder bridges have lower initial 
environmental impacts than A1010 steel girder bridges. However, the total life-cycle 
environmental impacts for A1010 steel girder bridges are lower than carbon steel girder bridges. 
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The results indicate that A1010 steel is a cleaner alternative to carbon steel for bridge 
construction. 
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Chapter 1: Introduction  
1.1 General overview 
A1010 steel is a new type of ferritic stainless steel developed by ArcelorMittal. It has higher 
initial cost and lower maintenance cost due to its corrosion resistance property. Several studies 
did the life-cycle cost analysis of A1010 steel bridge and traditional carbon steel bridge. 
However, few studies did the environmental impacts analysis for these two types of bridges. The 
focus of this thesis is to quantify the environmental impacts through computational approach 
and compare the results between A1010 steel and traditional carbon steel. 
In this thesis, the life-cycle environmental analysis is based on ISO 14040 (2011) and ISO 14042 
(1999). The analysis includes setting up product category rules, life-cycle inventory analysis, and 
life-cycle impact analysis. To complete the inventory analysis, this study collects the 
emission/pollution input data from different resources. The process of steel production is 
investigated in order to compute the initial emission. The average daily traffic and average fuel 
consumption data are obtained from department of transportation for detour emission 
calculation. The repainting time interval of carbon steel girder bridges is also studied based on 
the bridge condition data from National Bridge Inventory (NBI) data base.  
The physical definitions of global warming potential, acidification potential, and eutrophication 
potential are studied in order to transfer inventory results to impact results. The weighting 
factors for each impact category are determined through panel approach.  
By using Monte Carlo simulation, the probability density functions for inventory and impact 
values are computed.  
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1.2 Objectives 
The objectives of this thesis are related to the quantification of the environmental impacts of 
A1010 and carbon steel girder bridges. The following are the main parts for this thesis: 
(a) Life-cycle inventory data of A1010 and carbon steel girder bridges. 
(b) Life-cycle midpoint environmental impacts data of A1010 and carbon steel girder 
bridges. 
(c) Weighted life-cycle environmental impact value of A1010 and carbon steel girder 
bridges. 
1.3 Summary of approaches 
The following are the main tasks of this study: 
(a) Developing the framework of Life-Cycle Environmental Assessment (LCEA) for steel 
girder bridges. The framework of LCEA includes four steps: (1) Setting up the product 
category rules for the life-cycle environmental assessment of steel bridges; (2) 
Formulating the inventory and impact category for the analysis; (3) Collecting input data 
for the inventory and impact analysis and (4) Determining the weighting factors for each 
environmental impact categories.  
(b) Computing the inventory and impacts value for different stages through the service life 
of A1010 and carbon steel girder bridges. There are three stages included in this study, 
including initial stage, maintenance stage, and recycling stage. 
(c) Determining the weighting factors and compute the weighted life-cycle environmental 
impact values for A1010 and carbon steel girder bridges.  
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1.4 Summary of findings 
(a) According to the inventory analysis, the initial carbon dioxide (CO2), nitrogen oxides 
(NOx) and sulfur dioxide (SO2) emissions for A1010 steel are higher than that for carbon 
steel. The total life-cycle emissions of CO2, NOx for A1010 steel are lower than that for 
carbon steel. 
(b) According to impact analysis, the initial GWP, AP and EP for A1010 steel are higher than 
the associated GWP, AP and EP value for carbon steel. However, the total life-cycle 
GWP, AP and EP for A1010 steel are lower than those for carbon steel. 
(c) During the first or second maintenance action, the GWP, AP and EP for carbon steel will 
exceed those associated with A1010 steel. 
(d) Using recycling scraps will significantly reduce the emission and impacts for A1010 steel. 
However, the effect of recycling scraps on carbon steel is not significant. 
(e) The weighted life-cycle environmental impact for A1010 steel is lower than that for 
carbon steel. Therefore, A1010 steel is a cleaner alternative to carbon steel for bridge 
constructions. 
1.5 Outline of the thesis 
This study is based on numerical methods. Monte-Carlo simulation is used for conducting the 
inventory and impact analysis. All the results are obtained using MATLAB software. The thesis is 
organized in seven chapters. A brief outline of each chapter is provided as follows: 
Chapter 1 outlines the background, objectives, approaches and findings of this thesis.  
Chapter 2 presents the background of this research and it identifies the need for a 
comprehensive evaluation of the life-cycle environmental impacts for A1010 steel and carbon 
steel. Detailed information about A1010 steel is provided in this chapter. The chemical 
 6 
 
composition, corrosion rate test data mechanical properties and life-cycle cost analysis of A1010 
steel are illustrated on this chapter. The previous research and literatures are briefly presented.  
Chapter 3 formulates the life-cycle environmental assessment (LCEA) framework based on ISO 
14040 and ISO14044. A comprehensive description of LCEA (including definition, flowchart and 
standards) is provided. The life-cycle inventory category and life-cycle midpoint impact category 
are introduced in this chapter. Comprehensive approaches to global warming potential, 
acidification potential and eutrophication potential are provided in this chapter. The method of 
determining the weight factor of each environmental impacts is also presented in this chapter.  
Chapter 4 describes the three stages (initial stage, maintenance and recycling stage) of the life-
cycle environmental analysis. The first part of this chapter deals with the initial stage and 
describes the process of steel production. The second part of this chapter is devoted to 
maintenance. The detailed coating properties such as chemical composition, density and costing 
thickness are presented. The repainting time interval is presented as well in the second part. 
The third part of this chapter presents the recycling stage of steel girder bridges. The equations 
for computing the amount of emission at each stage are also presented.   
Chapter 5 presents a LCEA of bridge E-17-AH in Colorado as a case study. The detailed 
information on this bridge and all the collected input data are provided. Monte Carlo simulation 
is conducted with 100000 samples to compute the life-cycle emission amount as well as the life-
cycle environment impacts. The probability density function of emission amount and 
environmental impacts are obtained for both A1010 and carbon steel girder bridges. 
Lastly, Chapter 6 summarizes the main findings of this research and provides recommendations 
for future studies and research.  
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Chapter 2: A1010 steel background information 
2.1 General overview 
Steel bridges are important components in a transportation system. It is reported that more 
than 30% of the bridges are steel bridges in the United States (FHWA 2012). The corrosion of 
steel is one of the largest challenges in life-cycle management of the steel bridges. The corrosion 
will not only increase the probability of failure, but also cause more pollution to the 
environment. Especially if the bridges are in an aggressive environment, the frequent repainting 
actions will produce more emissions caused by producing paintings and automobile detour 
exhaust.  
In 1990s, ArcelorMittal developed a new type of stainless steel codified as A1010. The A1010 
steel has superior corrosion-resistant property, which makes it an attractive candidate for steel 
bridges as a cleaner material. By 2009 more than 227,000 tons of A1010 steel has been 
produced in the US, indicating sufficient capability for A1010 steel production domestically 
(ASTM 2009). 
At the beginning, the A1010 steel are used to construct trains carrying coal. In 2004, the first 
bridge using A1010 steel was placed in service in Colusa Country, CA. Due to the corrosion 
resistance of A1010 steel, there is no need to paint the steel girders. 
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Figure 1 Photo of A1010 steel bridge over the Glen-Colusa canal in Colusa, CA (Fletcher 2011) 
The mechanical properties of A1010 steel are intended to meet the structural performance 
requirements of ASTM A709-50W and/or ASTM A709-70W (Fletcher 2011). 
The Glen-Colusa Canal bridge is one of the California’s Innovative Bridge Research and 
Construction Program projects. After this first A1010 steel bridge, more new bridge projects 
decided to use A1010 steel. The steel plant bridge in Coatesville, PA were opened at 2012. This 
bridge is subject to deicing salt, and A1010 steel can protect it from corrosion damage. Oregon 
Department of Transportation Dodge Creek Bridge in Astoria, Oregon opened in 2012 and Mill 
Creek Bridge in Oregon opened at 2013. A1010 steel was used in Oregon because of the heavy 
rainfall in the state, which can accelerate corrosion process. 
                
                        a                                                           b                                                                c 
Figure 2 Photos of (a) Coatesville Steel Plant Bridge (b) Oregon DOT Dodge Creek Bridge and (c) 
Mill Creek Bridge (Fletcher 2011) 
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At the early stage, only bridges located in aggressive environments were using A1010 steel. In 
recent years, some bridges at rural or industrial areas also started to use A1010 steel. In 
Waynesboro, Virginia, an old bridge over South River was built in 1932. The Virginia Department 
of Transportation decided to build a new bridge to replace the old one. A1010 steel was used for 
this new bridge. The construction started in February 2016 and completed in July 2017.  
 
Figure 3 A1010 steel girder of Route 340 Bridge in Virginia (Sharp et al. 2017) 
However, producing A1010 requires raw materials different from conventional carbon steel such 
as nickel and chromium which may have detrimental environmental impacts. Therefore, it is 
very important to conduct a life-cycle environmental assessment (LCEA) for A1010 steel to 
investigate whether it is indeed a cleaner alternative to conventional carbon steel for bridge 
construction.  
Recently, Okasha et al. (2012), Soliman et al. (2015) and others conducted life-cycle analysis of 
A1010 steel and conventional steel bridges. However, Okasha et al.’s (2012) study is focusing on 
life-cycle cost analysis, while Soliman et al.’s study (2015) only included carbon dioxide 
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emissions for environmental analysis. This thesis presents a comprehensive evaluation of the 
life-cycle environmental impacts of both A1010 and conventional steel bridges.  
2.2 Metallurgy of A1010 steel 
To qualify as stainless steel, Fe-base alloys must contain at least 10.5%Cr. (Luquin et al. 2013). 
There are four types of stainless steel, which are ferritic stainless steel, austenitic-ferritic 
(duplex) stainless steel, austenitic stainless steel and martensitic stainless steel. The term 
“ferritic”, “austenitic” and “martensitic” are names of different crystal structures in steel. With 
different contents of chromium and temperatures, the crystal structures in steel are different, 
which can in turn impact the physical properties of stainless steel. For example, the ferritic 
stainless is magnetic while other three types of stainless steel are not. Figures 4, 5 and 6 show 
the micro crystal structure of ferritic, austenitic and martensitic stainless steel, respectively. 
 
Figure 4 Microstructure of ferritic stainless steel (Lambert 2009) 
 
Figure 5 Microstructure of austenitic stainless steel (Lambert 2009) 
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Figure 6 Microstructure of martensitic stainless steel (Huang et al. 2013) 
According to ArcelorMittal, the chemical composition of A1010 is shown below: 
Table 1 Specified Composition of A1010 steel (ArcelorMittal 2016) 
 C Mn P S Si Cr Ni N Mo 
ASTM 1010 
UNS S41003 
0.030 1.50 0.040 0.010 1.00 10.5-
12.5 
1.50 0.030 _ 
Note: Maximum wt. %, except as noted 
Therefore, A1010 is specified as stainless steel. The microstructure of A1010 steel indicates that 
it is a ferritic-martensitic stainless steel (Groshek et al. 2017). The main difference of chemical 
composition between A1010 and conventional carbon steel is the content of manganese (Mn), 
chromium (Cr) and nickel (Ni). The content of chromium for carbon steel is usually lower than 
1% (ASTM A36/A36M-08. 2010). By contrast, the content of carbon is much lower in A1010 steel 
than that in conventional carbon steel.  
2.3 Corrosion resistance of A1010 Steel 
Stainless steel has a different mechanism for corrosion resistance than weathering steel. Instead 
of nanophase goethite that forms on weathering steel, chromium oxide forms on stainless steel 
as a thin continuous film on the surface.  
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A1010 steel has superior corrosion resistance. Fletcher (2011) conducted various exposure tests 
for A1010 steel. The thickness loss of steel plates is measured to gauge the corrosion resistance 
of different steel types. The thickness loss of the exposed specimens and the spectroscopic 
analysis of corrosion products are used together to evaluate the corrosion performance. Both 
characterizations were used in this study to quantify and understand the corrosion properties of 
the various steels and to assess how corrosion properties are affected by the different 
environmental conditions to which the bridges are exposed in chloride-containing locations. 
The results form a 4-year exposure test at Kure Beach, NC, are reported herein for different 
steel types (Fletcher 2011). This is a standard U.S. test site for corrosion resistance test. Two 
testing lots are used: one is located 25 m from the water mark, and the other is 200 m from the 
water mark. The test results are shown below: 
  
                                                 a                                                                               b 
 1 mil =25.4 micrometer 
Figure 7 4-year thickness loss of different steel at (a) 200 m the lot in Kure Beach, NC and (b) 25 
m the lot in Kure Beach (Fletcher 2011) 
As illustrated in Figure 7, the corrosion behavior of conventional carbon steel, weathering steel, 
and A1010 steel in coastal atmospheric corrosion can be reasonably predicted by ASTM G1-03 
(ASTM G1-03 2010) corrosion index (CI). This dimensionless CI is calculated based the chemical 
composition of steel based on ASTM G101-04 (2010). The higher the CI is, the more corrosion-
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resistant the steel is. Most weathering steels have a CI between 6 and 7 (ASTM G101-04 2010), 
while A1010 steel has a CI of 10. It can be seen from Figure 7 that A1010 steel has significantly 
better corrosion resistance under chloride-laden atmospheric conditions than carbon and 
weathering steels.  
2.4 Mechanic properties  
A1010 steel is intended to meet the structural performance requirements of grades ASTM A709-
50W or ASTM A709-70W. (ASTM A709 2010). The mechanical properties of steel are 
represented by yield strength (YS), tensile strength (TS), and tensile elongation (EL). 
Federal Highway Administration (FHWA) tested the tensile behavior for A1010 steel plate. The 
experiment results, reported in Table 2, can be characterized by the curve in Figure 8 (Fletcher 
2011). The test results indicate that mechanical properties of A1010 steel satisfies the 
requirement of bridge structures and thus can be used as steel girders of bridges. 
 
1 psi = 6.89 kPa 1 inch = 25.4 mm 
Figure 8 Stress strain curve of tensile test. (Fletcher 2011) 
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Table 2 Mechanical properties of A1010 production plates and specified minimum properties for 
ASTM A709-50W and A709-70W in nonfracture critical (NFC) bridge design elements. (Fletcher 
2011) 
Steel  0.2 percent 
YS (ksi) 
TS (ksi) EI (percent) Longitudinal 
Charpy V-
notch (LCVN) 
at 10  ̊F (ft-lb) 
LCVN at -10 
 ̊F (ft-lb) 
A1010 56.7 76.7 36 162 154 
A709-50W >50 >70 >21 >20 NR 
A709-70W 
 
>70 85-110 >19 NR >25 
1ksi = 6.89 MPa °C = (°F-32)/1.8 1 ft-lb = 1.3558 J NR = No requirement. 
2.5 Life-cycle cost of A1010 steel 
Life-cycle cost of A1010 steel used in bridge girders has been investigated in several studies. 
Okasha et al. (2012) conducted a life-cycle cost analysis for A1010 and carbon steel girders. 
Three cost components are considered in their study: (1) material cost, (2) miscellaneous costs 
and (3) repainting cost. The material cost includes the cost of A1010 steel or conventional 
carbon steel. Miscellaneous costs include those from fabrication, initial painting, shop 
inspection, and transportation cost. The repainting cost is that due to repainting carbon steel 
girders and are only present for carbon steel bridges. The service life of bridges considered in 
their study is 125 years. Monte Carlo simulation with 500,000 was used to compute the 
expected total life-cycle cost of both A1010 and carbon steel girders. The result of Okasha et 
al.’s (2012) life-cycle cost analysis is shown in Figure 9. It shows that although the initial cost of 
A1010 steel girders is higher than that of carbon steel girders, the life-cycle cost of A1010 steel 
girders is much lower than that of carbon steel girders. 
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Figure 9 Change of the mean total cost with time for the conventional painted carbon steel girder 
and the unpainted A1010 steel girder (Okasha et al. 2012) 
Based on Okasha et al.’s (2012) study, Soliman et al. (2015) performed a life-cycle cost analysis 
for A1010 and carbon steel girders using an improved life-cycle cost model. Both direct and 
indirect costs were considered. The direct cost is the material cost and the repainting cost based 
on Okasha et al.’s (2012) data; the indirect cost includes economical losses due to repainting-
related detour and environment cost (carbon dioxide emission) due to repainting. Soliman et 
al.’s (2015) results are shown in Figure 10 (Soliman et al. 2015). It is once again shown that the 
initial cost of the A1010 steel girders is higher than that of the carbon steel counterparts, while the 
total life-cycle cost of the former is much lower due to savings from repainting actions. 
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Figure 10 Life-cycle cost of bridge constructed using conventional steel and A1010 steel (Soliman 
et al. 2015) 
Although the life-cycle cost of A1010 steel bridges has been investigated thoroughly in the 
aforementioned studies, there is a lack of comprehensive evaluation on environmental impacts 
of A1010 steel bridges. For instance, Soliman et al.’s (2015) paper only considered the carbon 
dioxide emission. 
For the broader scope of all stainless steel, to which A1010 steel belongs, the International 
Stainless Steel Forum (ISSF 2011) published a report on life-cycle costs and environmental 
impacts of stainless steel used in relevant industries including manufacturing, pipelines, building 
materials, etc. In this report, ISSF computed the environmental impacts from four inventory 
categories: fossil fuel consumption, CO2 emissions, material wastes, and biodiversity loss. 
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Chapter 3: Life-cycle environmental assessment 
framework 
3.1 Goal, standards and flowchart of LCEA 
Life-cycle environmental assessment (LCEA, also known as life-cycle environmental analysis 
or cradle-to-grave environmental analysis) is a technique to assess environmental impacts 
associated with all the stages within a product's lifespan from raw material extraction to 
material processing, manufacturing, operation, maintenance, and disposal or recycling. The 
international standards for LCEA include ISO 14040 (2011) and ISO 14044 (1999). According to 
ISO 14040 (2011), LCEA evaluates environment impacts with the following steps: 
(a) Compiling an inventory of relevant inputs and outputs (life-cycle inventory analysis); 
(b) Evaluating the potential environmental impacts associated with the inventory (life-cycle 
impact analysis); 
(c) Interpreting the results of the inventory and impact phases in relation to the objectives 
of the study (life-cycle interpretation). 
The main goal of LCEA is to “compare the full range of environmental effects assignable to 
products and services by quantifying all inputs and outputs of material flows and assessing how 
these material flows affect the environment.” (Turconi et al. 2013). The results of LCEA can be 
used to: (i) improve the process of production; (ii) help decision makers choose better products, 
and (iii) support the related policy to protect our environment. 
The main purpose of LCEA in this study is to help decision makers to choose between A1010 
steel and carbon steel for bridge construction. The A1010 steel contains heavy metal elements 
such as chromium, manganese and nickel which may cause more emissions during the mining 
process. These heavy metals can also pose severe pollution problems to soil and water. In 
addition, A1010 steel requires special cutting and welding techniques such as plasma cutting, 
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which can have more detrimental environment impacts. However, the superior corrosion 
resistance of A1010 steel means little environmental impacts during the maintenance stage. 
Hence, it is important to conduct a LCEA for both A1010 and carbon steel girders.  
According to ISO 14040 (2011), the LCEA includes four main phases: Product Category Rules 
(PCR), Life-Cycle Inventory assessment (LCI), Life-Cycle Impact Assessment (LCIA) and Life-Cycle 
Interpretation. The relationship of these four phases are shown in the Figure 11 below: 
 
 
Figure 11 Relationship of four phases in LCEA 
The PCR sets out the context of the study and explains how and to whom the results are to be   
communicated. This is a key step and the ISO standards require that the PCR of an LCEA should 
be clearly defined and consistent with the intended application. The PCR document should 
specify technical details including functional/declared unit, reference service life, boundary 
settings, recycling declaration, units. Usually the PCR also includes another aspect called 
“allocation methods”. However, in this study only the main product (A1010 or carbon steel 
girders) is considered. Hence, the allocation methods are not included in this study. 
The LCI process is using the input-output method to create an inventory flow associated with 
the product under consideration. The input usually includes raw materials and energy, while the 
PCR LCI LCIA
Life-Cycle interpretation assessment
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output includes emissions to air, water, and soil. The inventory flow should contain all activities 
in the production chain and give a clear picture of the technical system boundaries. 
Inventory analysis is followed by impact assessment. This phase of LCEA is aimed at evaluating 
the significance of potential environmental impacts based on LCI results. There are many 
environmental impact indicators such as global warming potential, acidification potential, 
eutrophication potential, etc. Each environment impact indicator should be evaluated based on 
the related inventory assessment results. For example, the global warming potential should be 
computed based on the CO2 emissions obtained from LCI. 
After LCI and LCIA, life-cycle interpretation should be conducted. Life-cycle interpretation is a 
systematic technique to identify, quantify, check, and evaluate information from the results of 
LCI and LCIA. The outcome of this interpretation phase is a set of conclusions and 
recommendations for decision-makers. According to ISO 14040 (2011), the interpretation 
should include: 
(a) Identification of significant issues based on the results of LCI and LCIA; 
(b) Evaluation of the study considering completeness, sensitivity and consistency checks;  
(c) Conclusions, limitations and recommendations. 
3.2 Product category rules (PCRs) 
The PCR of both A1010 and conventional steel girders should be the same. The PCR used herein 
is adopted from the PCR report by The Swedish Transport Administration (2019). The detailed 
PCRs are listed below: 
 Functional unit/Declared unit:  
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In this study the declared unit for A1010 and carbon steel girders is defined as 1 year. The life-
cycle inventory and impact results of A1010 and carbon steel girder bridges are computed 
annually.  
 Reference service life (RSL) 
In this study the service life of steel girder bridges is assumed to be 75 years, which is based on 
the design service life of bridge structures. 
 System boundary 
The system boundary is adapted from the EPD report by The Swedish Transport Administration 
(2019).  
The life-cycle of steel bridges contains three stages: (i) initial stage, (ii) maintenance stage and 
(iii) recycling stage. The focus of this study is to compare A1010 and carbon steel, so only the 
material-related emissions are considered. Other emissions such as transportation-, machinery- 
and demolishment-induced emissions are not included if they are the same for both A1010 and 
carbon steel. 
The initial stage consists of emissions caused by raw material acquisition and production of 
A1010 or carbon steel. According to personal communication with ArcelorMittal (Personal 
communication 2019), the emissions caused by cutting and welding for A1010 steel, though 
slightly higher, can be considered the same as that associated with carbon steel production. 
Hence, the emissions caused by cutting and welding are neglect in this study.  
The maintenance stage including emission caused by repainting- and detour-induced emissions. 
In this study, only repainting is considered during the maintenance stage of steel bridges. Other 
maintenance actions such as patching or routine maintenance are neglect because these 
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maintenance actions are expected to be the same for A1010 and carbon steel bridges. As 
mentioned in Chapter 1, the A1010 steel girders do not need repainting. 
At the end of the service life, bridges will be demolished, and part of the steel can be recycled. 
The emissions caused by demolition for both A1010 and carbon steel bridges are similar, so the 
demolition emissions are not taken into considered. However, it is considered that recycled 
carbon steel scraps can reduce the initial emissions of both A1010 and carbon steel productions, 
though the benefit of using steel scraps in A1010 production is less salient due to the need to 
use heavy metals that are not easily available from recycling sources. 
 Units  
In this thesis, the International System of Units (SI units) will be used for LCI and LCIA. 
3.3 Life-cycle inventory assessment  
According to the PCR stated previously, the LCI should include the emissions generated during 
material production, transportation, maintenance action and demolition. As stated previously, 
only the material-related emissions are taken into account since the other three sources of 
emissions are the same for both A1010 and carbon steel. In summary, the emissions considered 
in this thesis are:  
Initial emissions: 
 Emissions due to steel production (including mining, furnacing and other processes of 
steel production) 
 Emissions due to initial painting (only for carbon steel girders) 
Maintenance emissions: 
 Emissions due to repainting (only for carbon steel girders) 
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 Emissions due to exhaust of on-detour vehicles  
Recycling emissions: 
 Metal recycling will reduce the emission (considered as a negative value of emission) 
Overall, there are three kinds of emissions/pollutions: (1) inorganic gases, (2) solid wastes, and 
(3) volatile organic compounds. The inorganic gases considered in this thesis are carbon dioxide 
(CO2), sulfur dioxide (SO2), and nitrogen oxides such as nitrogen monoxide and dioxide (NOx). 
These inventory categories are shown in Figure 12: 
 
Figure 12 Inventory categories 
The emissions not considered in this thesis include volatile organic compounds and particle 
matters (PM 2.5 and PM 10). The reason to exclude volatile organic compounds is due to the 
fact that their damage depends on their concentration instead of total emissions. Therefore, 
they are usually relevant only in indoor environments. The particle matters such as PM 2.5 and 
PM 10 emissions are similar for both stainless steel and carbon steel according to García-
Alonso’s et al. (2007). Since A1010 is also a type of stainless steel so the particle matters are not 
included in this study. 
Inventory 
categories 
CO2
SO2
NOx
 23 
 
3.4 Life-cycle impact assessment 
Life-cycle impact assessment (LCIA) aims to connect life-cycle inventory (LCI) results to the 
corresponding environmental impacts categories. According to ISO 14042 (1999), each impact 
category can be represented by an impact category indicator, which is then related to one or 
multiple LCI data. For example, the greenhouse gas emissions (e.g. CO2 and CH4 emissions) can 
be connected to the global warming potential, an impact category, using the impact indicator of 
CO2 equivalent emissions (termed herein as CO2-eq.). A comprehensive conversion system, 
referred to as IMPACT 2002+, has been proposed by Jolliet et al. (2003). The conversion 
framework is shown in Figure 13: 
 
 
Figure 13 Overall scheme of the IMPACT 2002+ framework, linking LCI results via the midpoint 
categories to damage categories (Jolliet et al. 2003) 
Within this framework, 14 impact categories are formulated based on different LCI results. This 
is achieved by grouping inventory results with similar impacts. 
 24 
 
In addition to impact categories, 4 damage categories (i.e. human health, ecosystem quality, 
climate change, and resources) are also listed by similarly grouping different impact categories. 
The damage category of climate change is measured directly based on the impact category 
results. Other damage categories are defined following (Goedkoop et al. 2000) study. 
Specifically, the impact category of human health is measured by Disability Adjusted Life Years 
(DALYs), an index developed by Murray et al. (1996); the damage category of ecosystem quality 
is measured by the loss of species over a certain area over a certain timespan; the damage 
category of resources is expressed as the surplus energy needed for future extractions of 
minerals and fossil fuels. 
For a single steel bridge, it is hard to determine the population and area affected by its 
environmental impacts. Hence, damage categories such as human health and ecosystem quality 
cannot be calculated. Therefore, in this thesis, LCIA ends at impact categories. Based on the 
inventory categories described previously, the impact categories under consideration are shown 
in Table 3: 
Table 3 Impact category 
impact Related inventory unit 
Global warming CO2 CO2eq. 
Acidification  SO2, NOx SO2-eq., kg NOx-eq. 
Eutrophication  NOx PO43—-eq. 
 
The environment impacts categories not included in this study are Ozone Depletion Potential 
(ODP), human toxicity, respiratory effects, ionizing radiation, photochemical oxidation, non-
renewable energy and mineral extraction. The (ODP) is related to the ozone layer. The main 
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emissions related to ODP and POCP are freon, ethylene and other organic chemicals. Steel 
industry is not a heavy emitter of these emissions matters. Similar to volatile organic 
compounds, human toxicity, respiratory effects, ionizing radiation and photochemical oxidation 
are all related to concentration. They are therefore excluded from this study. The non-
renewable energy and mineral extraction are not included in this study because the difference 
between A1010 and carbon steel is small. 
3.3.1 Global warming potential 
Global warming potential (GWP) reflects how much heat absorbed by greenhouse gases in the 
atmosphere. GWP is related to cause climate change. The severity of GWP is quantified by 
radiative forcing capacity (RF) defined the amount of energy absorbed by greenhouse gases per 
unit area (overall earth surface) per unit time. 
The International Panel on Climate Change (IPCC 2001) provides the generally accepted values 
for GWP 
𝐺𝑊𝑃(𝑥) =
∫ 𝑎௫ ∙ [𝑥(𝑡)]𝑑𝑡
்ு
଴
∫ 𝑎௥ ∙ [𝑟(𝑡)]𝑑𝑡
்ு
଴
 
 
(1) 
where  𝑇𝐻 is the total time horizon of this computation; 𝑎௫ is the radiatively forcing caused by 
unit greenhouse gas released; 𝑎௥ is the radiative forcing associated with a reference greenhouse 
gas (usually as CO2); 𝑥(𝑡) is the decay of this released greenhouse gas through time; 𝑟(𝑡) is the 
decay of the reference gas. Based on Equation 1, the GWP value for CO2is defined as 1. (IPCC 
2001). Other greenhouse gases’ GWP are provided in IPCC’s report (IPCC 2013). They are 
presented in Table 4. Values in this table can be regarded as ratios of GWP of greenhouse gases 
to the reference gas (i.e. CO2). It should be noted that the other two inventory categories (i.e. 
SO2 and NOx) may affect global warming indirectly. For instance, nitrogen oxides (NOx) play a 
role in photochemical reaction that produces tropospheric ozone, which is a greenhouse gas. 
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The SO2 may could negative effects on global warming according to Lelieveld et al. (1992). The 
sulfate particles in cloud have strong influences on scattering properties of the aerosol. 
Table 4 GWP values for greenhouse gases (IPCC 2013) 
Emissions 20 years 100 years 500 years 
CO2 1 1 1 
CH4 72 25 7.6 
N2O 289 298 153 
 
3.3.2 Acidification potential 
Acidification potential (AP) is the consequence of soil and water being polluted with acids.  AP 
can be divided into aquatic acidification and terrestrial acidification. It can affect plants as well 
as aquatic and terrestrial animals through the food chain. Severe acidification can cause acid 
rains and do much damage to the ecosystem. 
AP can be represented by PH value of soil and water. Similar to GWP, AP value is defined the PH 
ratio relative to SO2 impact. It is referred to as SO2 equivalent or SO2-eq. for short. The SO2-eq. 
factors for different gases are summarized in Table 5 (GHK et al. 2006). 
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Table 5 Sulfur dioxide equivalence factor (GHK et al. 2006) 
Acid producer (in air) SO2-eq. 
SO2 1 
HCI 0.88 
HF 1.60 
NO2 0.70 
NH3 0.93 
H2S 1.88 
 
3.3.3 Eutrophication potential 
Eutrophication potential (EP) measures the impact of excessive nutrients in water. This 
phenomenon is usually caused by deposit of nitrogen and phosphate elements in water (Kim et 
al. 2016). Chemical fertilizers and discharged water are the main cause of eutrophication. 
Eutrophication is extremely harmful for aquatic living creatures. It also affects the landscape of 
rivers and lakes. The nitrogen and phosphorus element are the major pollutants related to 
eutrophication. Generally, the impact category of EP is measured by either phosphate 
equivalence or nitrogen equivalence (N-eq.). The nutrient factors for eutrophication substance 
are shown in Table 6 (Heijungs et al. 1992). 
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Table 6 Nutrient factors for eutrophication substances (a) emission to air (b) releases to water 
(Heijungs et al. 1992) 
(a) 
Emission to air Nutrient factor relative to 
phosphate 
Nutrient factor relative to 
nitrogen 
Nitric oxide (NO) 0.20 0.48 
Nitrogen dioxide (NO2) 0.13 0.31 
Ammonia (NH3) 0.35 0.83 
(b) 
Releases to water Nutrient factor relative to 
phosphate 
Nutrient factor relative to 
nitrogen 
Nitrogen (N) 0.42 1.00 
Nitrate (NO3-) 0.10 0.24 
Ammonium (NH4+) 0.33 0.79 
Phosphate (PO4) 1.00 2.38 
Phosphorus (P) 3.06 7.29 
Chemical oxygen demand 
(COD) 
0.022 0.05 
 
3.5 Weighting factors of different environmental impacts 
The results of GWP, AP and EP may not directly guide decision-makers. Results of all impact 
categories can be grouped with different weights to obtain a single score representing 
environmental impact. As acknowledged by Eldh et al. (2006), there is a lack of consensus on 
weighting factors for different impact categories. For instance, the unit of each impact category 
can be different to each other, and are the evaluation methods. Despite the controversies, 
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weighting is still used to facilitate decision making. Methods for weighting can be classified in 
two different manners: monetization approach and panel approach. 
The monetization approach transfers the impacts data to a monetary value based on, for 
example, the tax rate associated with an inventory category (e.g. Wang et al. 2019) or survey 
data on willingness to paying (e.g. Zhang et al. 2006). 
The panel approach is based on the Multi Criteria Decision Aid (MCDA) method (Soares et al. 
2006). The weighting factors are calculated according to a four-step procedure: (1) criteria 
definition; (2) scoring of each impact category, (3) assessment of each criterion’s importance, 
and (4) criteria aggregation using MCDA (Soares et al. 2006). Using their data, the weighting 
factors for Global Warming Potential (GWP), Acidification Potential (AP), and Eutrophication 
Potential (EP) are computed and summarized in Table 7. 
Table 7 Weighting factors for GWP, AP and EP 
Weighting factors of each impact category 
GWP AP EP 
43.1% 31% 25.9% 
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Chapter 4: Life-cycle environmental assessment of steel 
bridge girders 
4.1 Initial stage 
The initial stage associated with carbon steel girders includes emissions caused by producing 
carbon steel and its initial painting. As mentioned previously, emissions caused by cutting, 
welding and transportation are neglected. The initial emission of a carbon steel girder can be 
calculated as 
𝐸௖௜,௖ = 𝑊ீ ∙ 𝐸௖,௖௦ + 𝐸௖,௣௔௜௡௧௜௡௚                                                                                                                             (2)
𝐸௦௜,௖ = 𝑊ீ ∙ 𝐸௦,௖௦ + 𝐸௦,௣௔௜௡௧௜௡௚                                                                                                                               (3)
𝐸௡௜,௖ = 𝑊ீ ∙ 𝐸௡,௖௦ + 𝐸௡,௣௔௜௡௧௜௡௚                                                                         (4) 
where 𝐸௖௜,௖, 𝐸௦௜,௖, 𝐸௡௜,௖  are the initial CO2, SO2 and NOx emissions of a carbon steel girder, 
respectively; 𝑊ீ  is the total weight of a steel girder; 𝐸௖,௣௔௜௡௧௜௡௚, 𝐸௦,௣௔௜௡௧௜௡௚ and 𝐸௦,௣௔௜௡௧௜௡௚ are 
the CO2, SO2 and NOx emissions due to initial painting, respectively. 𝐸௖,௖௦, 𝐸௦,௖௦, and 𝐸௡,௖௦ are the 
CO2, SO2 and NOx emissions associated with carbon steel (including raw material acquisition and 
steel production), respectively. 
A1010 steel does not need painting due to its superior corrosion resistance. Therefore, the 
initial emissions of an A1010 steel girder can be calculated as 
𝐸௖௜,௦ = 𝑊ீ ∙ 𝐸௖,௦௦                                                                                                                                    (5) 
𝐸௦௜,௦ = 𝑊ீ ∙ 𝐸௦,௦௦                                                                         (6) 
𝐸௡௜,௦ = 𝑊ீ ∙ 𝐸௡,௦௦                                                                                                                             (7) 
where 𝐸௖௜,௦, 𝐸௦௜,௦, 𝐸௡௜,௦ are the initial CO2, SO2 and NOx emissions of an A1010 steel girder, 
respectively; 𝐸௖,௦௦, 𝐸௦,௦௦, and 𝐸௡,௦௦ are the CO2, SO2 and NOx emissions associated with A1010 
steel (including raw material acquisition and steel production), respectively. 
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The detailed information for initial and painting emissions is presented in the following two 
subsections. 
4.1.1 Production and embedded emissions of carbon and A1010 steel 
Various metal production processes for carbon and A1010 steel are summarized in Table 8 (Norgate 
et al. 2007). There are two main types of steel production: (a) Basic Oxygen Furnace (BOF) in which 
steel is produced by blowing oxygen through heated pig iron, and (b) Electric Arc Furnace (EAF) in 
which steel, usually recycled scrap, is melted down to a liquid and then reformed. Since the two 
processes have different rates of emissions, the proportion of steel made using each process is 
needed to create a weighted average of the total emissions of steel production. The different 
emission rates during the production phase are summarized in Tables 9 and 10 for A1010 and carbon 
steel, respectively. Through communication with ArcelorMittal (Personal communication 2019), it is 
considered that about 33% of all steel production uses BOF while the other 67% uses EAF. In addition 
to the production phase, emissions associated with feedstock acquisition (e.g. the embedded 
emissions) are also considered, as presented in Table 11. Stainless steel needs Argon Oxygen 
Decarburization (AOD) process to reduce carbon content. This process can cause higher initial CO2 
emissions for A1010 steel (Norgate et al. 2007). 
Table 8 Metal production processes (Norgate et al. 2007) 
Metal Feedstock Process 
Carbon steel Iron ore (64% Fe) Integrated route (blast furnace (BF) 
and basic oxygen furnace (BOF) or 
Electric arc furnace (EAF) 
A1010 steel Pig iron (94% Fe) 
Chromite ore (27.0% Cr,17.4% 
Fe) 
Laterite ore (2.4% Ni, 13.4% Fe) 
Electric arc furnace (EAF) and argon-
oxygen decarburization (AOD) 
Zinc (for painting) Sulphide ore (5.5% Pb, 8.6% Zn) Electrolytic process 
Sulphide ore (5.5% Pb, 8.6% Zn) Imperial smelting process 
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Table 9 Emission rates for producing A1010 steel 
Emissions ton/ton Range Reference  
CO2 0.98 to 1.4 ISSF report and Norgate 
(2007) 
SO2 0.00016 to 0.00018 EPA report (2006) 
NOx 0.00012 to 0.00014 EPA report (2006) 
 
Table 10 Emission rates for producing carbon steel 
Emissions  Range  Reference  
CO2 ton/ton 1.6 to 2.2 BOF International energy agency 
(IEA) (2011) 
 1.4 to 2.0 EAF  
SO2 g/ton 90.6 EPA report (2006) 
NOx g/ton 10.8 EPA report (2006) 
 
Table 11 Emission rates caused by feedstock acquisition 
Emissions Iron Nickel Ferrochrome Zinc  Reference  
CO2 ton/ton 0.2 11.1 5.1 4.6 Norgate et al. 
(2010) 
SO2 ton/ton 0.007 0.0446 0.0296 0.042 Norgate et al. 
(2007) 
NOx ton/ton 0.0126 0.107 0.018 0.018 Norgate et al. 
2007) 
 
Combining the emissions in feedstock acquisition and production phases, the total initial 
emission rates of A1010 and carbon steel can be computed. They are shown in Tables 12 and 13, 
respectively. Due to the lack of data, initial emissions are assumed to follow triangular 
distributions. The upper bound and lower bound are determined based on the data in existing 
literature. The mean value is computed as the average value of the upper and lower bounds. 
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Table 12 Initial emission rates of A1010 steel 
Emissions random 
variables 
Description units Range  
𝐸௖,௦௦ Initial emission of CO2  ton/ton of steel 1.8 to 2.2 
𝐸௦,௦௦ Initial emission of SO2  Kg/ton of steel 20 to 22 
𝐸௡,௦௦ Initial emission of NOx  Kg/ton of steel 24.9 to 44.1 
 
Table 13 Initial emission rates of carbon steel 
Emissions random 
variables 
Description units Range 
𝐸௖,௖௦ Initial emission of CO2  ton/ton of steel 1.47 to 2.07 
𝐸௦,௖௦ Initial emission of SO2  Kg/ton of steel 7.17 to 11.1 
𝐸௡,௖௦ Initial emission of NOx  Kg/ton of steel 12.72 to 12.74 
 
4.1.2 Emissions caused by painting 
Carbon steel will corrode in aggressive environments if left unprotected or inadequately 
protected (Kogler et al. 2015). There are several proven strategies for corrosion protection of 
steel bridge girders, such as plating, cathodic protection, coating with painting and repainting, 
etc. Painting in factory and repainting in service are much easier than many other measures 
including plating or cathodic protection. 
According to steel bridge design handbook by FHWA (2012), there are two probable coating 
systems for carbon steel bridges: high performance coatings (e.g., zinc-rich or metalizing) 
applied over steel surface (i.e. near white metal abrasive blasted surface) and typical 
"maintenance" coatings (e.g., epoxy, alkyd, or moisture-cured urethane) applied over existing 
bridges. The predominant top-coating system is zinc-epoxy primers (Kogler et al. 2015). The 
emissions caused by painting is mainly from zinc production. 
The emissions caused by painting can be computed as 
𝐸௖,௣௔௜௡௧௜௡௚ = 𝑆ீ ∙ 𝑇௖ ∙ 𝐷௣ ∙ 𝑊௭௡ ∙ 𝐸௖,௭௡                                                                                                                 (8) 
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𝐸௦,௣௔௜௡௧௜௡௚ = 𝑆ீ ∙ 𝑇௖ ∙ 𝐷௣ ∙ 𝑊௭௡ ∙ 𝐸௦,௭௡                                                                                                                 (9)
𝐸௡,௣௔௜௡௧௜௡௚ = 𝑆ீ ∙ 𝑇௖ ∙ 𝐷௣ ∙ 𝑊௭௡ ∙ 𝐸௡,௭௡                                                (10) 
where  𝐸௖,௣௔௜௡௧௜௡௚, 𝐸௦,௣௔௜௡௧௜௡௚ and 𝐸௡,௣௔௜௡௧௜௡௚are the CO2, SO2 and NOx emissions caused by 
painting; 𝑆ீ  is the total surface area of a steel girder; 𝑇௖  is the thickness of the coating system; 
𝐷௣ is the density of the coating system; 𝑊௭௡ is the weight percentage of zinc; 𝐸௖,௭௡, 𝐸௦,௭௡ and  
𝐸௡,௭௡ are the  CO2, SO2 and NOx emissions associated with zinc (including raw material 
acquisition and production), respectively. The zinc-rich primers’ properties are listed in Table 14 
(Industrial Mix 2017). According to FHWA (2012), the lower bound of coating thickness is 50 
micrometers and the upper bound is 100 micrometers. In this study, the DFT is assumed to 
follow triangular distribution with lower and upper bounds mentioned above and a mean value 
of 75 micrometers. The embedded emissions including material acquisition and production 
phase of zinc are summarized in Table 15. 
Table 14 Physical properties of zinc-epoxy primer (Industrial Mix 2017) 
Chemical base Zinc-epoxy primer 
Density (kg/l) 𝐷௣ 3032 (Binder) 
Weight zinc (%)𝑊௭௡ 85% 
Color Grey 
Dry Film Thickness (DFT) (μm) 𝑇௖  (50,100) 
 
Table 15 Emission rates associated with zinc (Norgate et al. 2002) 
𝐸௖,௭௡ CO2 emission of producing zinc ton/ton of zinc 2.6 
𝐸௦,௭௡ SO2 emission of producing zinc Kg/ton of zinc 2.28 
𝐸௡,௭௡ NOx emission of producing zinc Kg/ton of zinc 17.9 
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4.2 Maintenance stage 
Carbon steel girders need several repainting actions over the course of its service life. The 
repainting actions themselves can also have detrimental environmental impacts. These impacts 
of repainting actions can be divided into two parts: one is the emissions caused by repainting 
actions themselves (direct emissions), and the other is the emissions caused by repainting-
induced detour and the associated temporarily function loss of the bridge (indirect emissions). 
In this study, the emissions caused by painting the steel are the same as those associated with 
the initial painting and can be determined by Equations (7), (8) and (9). The emissions caused by 
detour is described as follows. 
4.2.1 Repainting intervals 
Overall the service life of a bridge, multiple repainting actions are needed. Each will have its own 
direct and indirect emissions. Therefore, it is important to determine the number of repainting 
actions or, equivalently, the repainting time interval. This time interval is normally not a 
deterministic value. It depends on the condition of corrosion protection systems as well as the 
severity of surrounding environments. For instance, the repainting interval is usually shorter in 
marine environments than that in inland rural areas. 
In this study, the repainting interval is determined based on the time series of superstructure 
condition ratings stored in the National Bridge Inventory (FHWA 1992). In NBI database, each 
recorded bridge is rated on a scale from 0 (structural failure) to 9 (new structure) for bridge 
deck, superstructure, and substructure, respectively. It is further assumed that the coating life, 
i.e. the repainting interval, is characterized by the duration in which a superstructure stays 
above rating 7. Steel girder bridges in PA were analyzed based on this definition of repainting 
interval. Based on the NBI data, the repainting interval as well as its statistical properties can be 
determined. Further details can be found in Golden’s (2019) report. Based on this report, the 
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mean value of the repainting interval is 15.4 years and its standard deviation is 5.3 years. Based 
on results from distribution fitting, the repainting interval is found to follow lognormal 
distribution reasonably well. The direct emissions due to all repainting actions are therefore 
expressed as 
𝐸௖௠,௥ = 𝐸௖,௣௔௜௡௧௜௡௚ ∙75/𝑅௧                                                                                                                          (11) 
𝐸௦௠,௥ = 𝐸௦,௣௔௜௡௧௜௡௚ ∙75/𝑅௧                                                                                                                           (12) 
𝐸௡௠,௥ = 𝐸௡,௣௔௜௡௧௜௡௚ ∙75/𝑅௧                                                                                                           (13) 
where 𝐸௖௠,௥, 𝐸௦௠,௥, and  𝐸௡௠,௥ are the CO2, SO2 and NOx emissions caused by repainting actions; 
𝑅௧ is the repainting time interval. 
4.2.2 Emission caused by detour 
The indirect CO2 emission can be estimated as (Gallivan et al. 2010): 
𝐸௖௠,ௗ = ቀ𝐸𝑐𝑛ௗ,௖ ∙ (1 − 𝑇) + 𝐸𝑐𝑛ௗ,௧ ∙ (𝑇)ቁ ∙ 𝑑 ∙ 𝐴𝐷𝑇 ∙ 𝑙 ∙ (
ா௖௡ೄವ
ா௖௡ೄ೚
)                                                                  
(14) 
where 𝐸𝑐𝑛ௗ,௖  and 𝐸𝑐𝑛ௗ,௧   are CO2 emissions per unit distance traveled by cars and trucks (kg 
CO2/km), respectively; 𝐸𝑐𝑛ௌ஽  and 𝐸𝑐𝑛ௌ௢ are the CO2 emissions per kilometer at speeds 𝑆𝐷 
and 𝑆𝑜, respectively; 𝑑 is the duration of detour; 𝑙 is the detour length. T is the ratio of truck 
traffic to average daily traffic (𝐴𝐷𝑇). All the input random variables of Equation (13) are shown 
in Table 16. 
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Table 16 Input variables of detour CO2 emission and detour information 
Random 
variables 
Description  Unit  Distribution  Reference  
𝐸𝑐𝑛ௗ,௖ Environmental Metric per unit 
distance for cars 
Kg CO2/km ln(0.22,0.2) Gallivan et al. (2010). 
𝐸𝑐𝑛ௗ,௧ Environmental Metric per unit 
distance for trucks 
Kg CO2/km ln(0.56,0.2) Gallivan et al. (2010). 
𝐸𝑐𝑛ௌ஽ Environmental Metric per 
kilometer at restricted speed 
Kg CO2/km 0.416 Gallivan et al. (2010). 
𝐸𝑐𝑛ௌ௢ Environmental Metric per 
kilometer at unrestricted 
speed 
Kg CO2/km 0.298 Gallivan et al. (2010). 
T ratio of the average daily 
truck traffic to the average 
daily traffic 
unitless ln(0.12,0.2) Gallivan et al. (2010). 
ADT Average daily traffic vehicles 53000 FHWA (1992) 
d Duration of the detour days 15 Assumed  
l Length of the detour km 1.6 Assumed  
 
Similar to the CO2 emissions, SO2 and NOx emissions of detour are developed as follows: 
𝐸௦௠,ௗ = ቀ𝐸𝑠𝑛ௗ,௖ ∙ (1 − 𝑇) + 𝐸𝑠𝑛ௗ,௧ ∙ (𝑇)ቁ ∙ 𝑑 ∙ 𝐴𝐷𝑇 ∙ 𝑙 ∙ (
ா௖௡ೄವ
ா௖௡ೄ೚
)                                                                 (15) 
𝐸௡௠,ௗ = ቀ𝐸𝑛𝑛ௗ,௖ ∙ (1 − 𝑇) + 𝐸𝑛𝑛ௗ,௧ ∙ (𝑇)ቁ ∙ 𝑑 ∙ 𝐴𝐷𝑇 ∙ 𝑙 ∙ (
ா௖௡ೄವ
ா௖௡ೄ೚
)                                                                (16) 
where  𝐸𝑠𝑛ௗ,௖ and 𝐸𝑠𝑛ௗ,௧ are SO2 emissions per unit distance traveled by cars and trucks (kg 
SO2/km), respectively; 𝐸𝑛𝑛ௗ,௖ and 𝐸𝑛𝑛ௗ,௧ are NOx emissions per unit distance traveled by cars 
and trucks (kg NOx/km), respectively. 
 The input variables of Equations (13) and (14) are obtained from existing studies and are 
summarized in Table 17. It should be noted that there is a lack of data for SO2 and NOx emissions 
at restricted speed. To this end, the ratio between emissions at restricted and unrestricted 
speeds for CO2 emissions is assumed to be applicable to SO2 and NOx emissions. 
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Table 17 Input variables of detour SO2 and NOx emissions (Kirchstetter et al. 1999) 
Random 
variables 
Description  Unit  Range 
Esnୢ,ୡ Environmental Metric per 
unit 
distance for cars 
mg SO2/km 0.08 to 0.14 
Esnୢ,୲ Environmental Metric per 
unit 
distance for trucks 
mg SO2/km 2.24 to 3.22 
Ennୢ,ୡ Environmental Metric per 
unit 
distance for cars 
g NOx /km 0.75 to 0.71 
Ennୢ,୲ Environmental Metric per 
unit 
distance for trucks 
g NOx /km 3.36 to 4.28 
 
4.3 Recycling stage 
After the demolition of a bridge, about 90% of the steel scraps can be recycled (Gervásio, H. et 
al. 2015). The recycled steel scraps can be re-melted in the furnace instead of using pig iron as 
raw materials. Hence, the emissions caused by raw material acquisition can be reduced for both 
carbon and A1010 steel production. However, even with recycled steel scraps, the A1010 steel 
still needs raw materials such nickel and chromium Since ferritic stainless steel such as A1010 
scrap is magnetic, it is easily lost in the carbon steel scrap. Therefore, the A1010 steel still need 
acquisition of Cr, Mn and Ni elements which are not consisted in carbon steel when using 
recycled steel scraps to produce. The mixed steel scraps would also cause problems for carbon 
steel reproduction because the chromium is an impurity. 
To summarize, using recycled steel scraps can reduce CO2 emissions associated with raw 
material acquisition. However, emissions of SO2 and NOx cannot be reduced by using recycled 
steel scraps as they are related to the use of nickel and chromium. Considering this recycling 
stage, the  
CO2 emissions using recycled steel scraps are calculated as follows. 
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𝐸௖௜௥,௖ = 𝑊ீ ∙ 𝐸௖,௖௦௥ + 𝐸௖,௣௔௜௧௜௡௚                                                                                                                   (17) 
where 𝐸௖௜௥,௖  is the initial CO2 emission of carbon steel using recycled scraps; 𝑊ீ  is total weight 
of a steel girder; 𝐸௖,௖௦୰ is the (CO2) emission rate of producing carbon steel using recycled scraps. 
𝐸௖,௣௔௜௡௧௜௡௚ is CO2 emission of initial painting. 
For A1010 steel, 
𝐸௖௜୰,௦ = 𝑊ீ ∙ 𝐸௖,௦௦௥                                                                                                                             (18) 
where Eୡ୧,ୱ is the initial CO2 emission for A1010 steel bridge using recycled steel scraps; 𝑊ீ  is 
total weight of a steel girder, 𝐸௖,ୱ௦୰ is the CO2 emission rate of producing A1010 steel using 
recycled steel scraps.  
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Chapter 5: Case study 
5.1 Bridge information 
In this thesis, the life-cycle environmental impacts of a steel girder bridge, adapted from E-17-
AH bridge in Colorado (Estes et al. 1999), is evaluated as a case study. This bridge has three 
simply supported spans of equal length (13.3 m) and a total length of 42.1 m. Figure 14 shows 
the elevation view of this bridge. The east-west bridge has two lanes of traffic in each direction. 
The bridge deck is supported by nine standard-rolled, compact, non-composite steel girders as 
shown in Figure 15. The girders are stiffened by end diaphragms and intermediate diaphragms. 
Each girder is supported at one end by a fixed bearing and an expansion bearing at the other 
end. 
 
Figure 14 Colorado State Highway Bridge E-17-AH elevation view (Estes et al. 1999) 
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Figure 15 Colorado State Highway Bridge E-17-AH cross section (Estes et al. 1999) 
The bridge E-17-AH has two exterior girders (WF 33×132) and seven interior (WF 33×125) 
girders, with their cross sections shown in Figure 16a and 16b, respectively. The total weight of 
all nine steel girders 𝑊ீ  is 69.75 metric ton. The total surface area of the steel girders  𝑆ீ  is 
1043.45 m2. It is assumed that the nine girders are made of either carbon steel (case 1) and 
A1010 steel (case 2). The corresponding life-cycle environmental impacts are assessed for both 
cases for comparison. It is assumed that the dimension of A1010 steel girders and their weights 
are the same as those of carbon steel girders. 
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(a)                                                                 (b) 
Figure 16 Steel girder dimensions of bridge E-17-AH (a) exterior girder and (b) interior girder 
(Estes et al 1999) 
5.2 Life-cycle inventory results 
The initial CO2 emissions of carbon and A1010 steel girders are shown in Figures 17 and 18, 
respectively. Two separate scenarios are considered where raw materials and recycled steel 
scraps are used, respectively. The initial SO2 emissions of carbon and A1010 steel girders are 
shown in Figure 19. The initial NOx emission of carbon and A1010 steel girders are shown in 
Figure 20. 
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(a)  (b)  
Figure 17 Initial CO2 emission of carbon steel using (a) raw materials and (b) using recycled steel 
scraps 
(a) (b)  
Figure 18 Initial CO2 emission of A1010 steel using (a) raw materials and (b) using recycled steel 
scraps 
(a) (b)  
Figure 19 Initial SO2 emissions for (a) carbon steel and (b) A1010 steel 
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(a) (b)  
Figure 20 Initial NOx emissions of (a) carbon and (b) A1010 steel girders 
As mentioned previously, only carbon steel girders will have repainting-induced emissions 
during the service life. Based on the data in Chapter 4, the CO2, SO2, and NOx emissions 
associated with one single repainting action are shown in Figure 21.  
(a) (b)  
(c)  
Figure 21 Single repainting (a) CO2, (b) SO2 and (c) NOx emissions 
5.3 Life-cycle impact results 
Based on Equation (1) and Table 4, the life-cycle Global Warming Potential (GWP) values for 
carbon and A1010 steel girders are shown in Figure 22. The mean GWP values of A1010 and 
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carbon steel girders over the service life are shown in Figure 23a. The probability density 
function of GWP breakeven time (time when GWP of carbon steel girders exceeds that of A1010 
steel girders) can be determined and shown in Figure 23b. It can be seen that carbon steel 
girders have a much higher GWP over the lifetime than that of A1010 steel girders. 
(a)  (b)  
         (c)  (d)  
Figure 22 Life-cycle GWP value of carbon and A1010 steel girders at (a) the beginning of service 
life, (b) 25 years after construction, (c) 50 years after construction, and (d) 75 years after 
construction 
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(a)  (b)  
Figure 23 Average GWP values of carbon and A1010 steel girders over the service life; (b) PDF of 
GWP breakeven time 
Similarly, the life-cycle Acidification Potential (AP) values for carbon and A1010 steel girders are 
calculated and presented in Figure 24. The mean AP values as well as the breakeven time in 
terms of AP are shown in Figure 25. For A1010 steel, the AP reduction for using A1010 steel is 
not as significant as GWP reduction. The reason is that the nickel ore consists a large amount of 
sulfur that will be converted to SO2 during raw material acquisition process. 
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(a)  (b)  
      (c)  (d)  
Figure 24 Life-cycle AP value of A1010 and carbon steel girder bridge at (a) beginning (b) 25 
years after construction (c) 50 years after construction and (d) 75 years after construction 
(a)  (b)  
Figure 25 (a) Average AP values of carbon and A1010 steel girders over the service life; (b) PDF of 
AP breakeven time 
The life-cycle Eutrophication Potential (EP) values for A1010 and carbon steel girder bridges are 
shown in Figure 26. The mean EP values as well as the breakeven time in terms of EP are shown 
in Figure 27. 
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(a)  (b)  
(c)  (d)  
Figure 26 Life-cycle EP value of A1010 and carbon steel girder bridge at (a) beginning (b) 25 
years after construction (c) 50 years after construction and (d) 75 years after construction 
(a)  (b)  
Figure 27 (a) Average EP values of carbon and A1010 steel girders over the service life; (b) PDF of 
EP breakeven time 
Based on the weighting factors in Table 7, the life-cycle weighted environmental impact values 
for A1010 and carbon steel girder bridges are shown in Figure 28. The mean life-cycle weighted 
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impact values as well as the breakeven time in terms of life-cycle weighted environmental 
impact values are shown in Figure 29. 
(a)  (b)  
(c)  (d)  
Figure 28 Life-cycle weighted environmental impact value of A1010 and carbon steel girder 
bridge at (a) beginning (b) 25 years after construction (c) 50 years after construction and (d) 75 
years after construction 
(a)  (b)  
Figure 29 (a) Average weighted environmental impact values of carbon and A1010 steel girders 
over the service life; (b) PDF of weighted environmental impact values breakeven time 
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The results of inventory analysis show that the initial CO2 and NOx emissions for carbon steel are 
lower than those associated with A1010 steel. About 25 years after construction, the CO2 and 
NOx emissions for carbon steel will exceed A1010 steel. The initial and total life-cycle SO2 
emissions for A1010 are higher than those associated with carbon. The reason, as mentioned 
before, is that the nickel ore extraction emits large amount of SO2. 
The results of environmental impact analysis show that the initial GWP, AP and EP values for 
carbon steel are lower than those associated with A1010 steel. However, 25 years after 
construction the GWP, AP and EP values for carbon steel will exceed A1010 steel. The initial 
weighted life-cycle environmental impact value for carbon steel is lower than that associated 
with A1010 steel. 25 years after construction, the weighted environmental impact value for 
carbon steel will exceed A1010 steel. 
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Chapter 6: Conclusions 
 When used as bridge girders, the initial CO2, SO2 and NOx emissions of A1010 steel are 
higher than those associated with carbon steel. However, the total life-cycle CO2 and NOx 
emissions of A1010 steel are significantly lower than those associated with carbon steel. The 
life-cycle SO2 emissions of A1010 steel are also remarkably higher than those associated 
with carbon steel, though this reduction in life-cycle SO2 emissions is not as pronounced as 
that in CO2 and NOx emissions.  
 According to life-cycle impact analysis, the initial global warming potential (GWP), 
acidification potential (AP) and eutrophication potential (EP) of A1010 steel are higher than 
those associated with carbon steel. However, similar to the results in inventory analysis, the 
total life-cycle GWP, AP and EP of A1010 steel are much lower than those associated with 
carbon steel. Based on the results in this thesis, about 20 years after the construction (i.e. 
after one repainting action), the GWP and EP of carbon steel girders are most likely to 
surpass those associated with A1010 steel. The AP of steel girders is likely to reach this 
breakeven point about 20 to 60 years after construction (i.e. one or two repainting actions).  
 Using recycling steel scrap will significantly reduce the CO2 emissions and GWP of both 
A1010 and carbon steel girders. However, with the current practice for A1010 recycling, SO2 
and NOx emissions cannot be significantly reduced. Future research in separating ferritic 
stainless steel scrap with carbon steel scrap is needed to reduce SO2 and NOx emissions 
through recycling. 
 The initial weighted environmental impact value of A1010 steel is higher than that 
associated with carbon steel. However, the life-cycle weighted environmental impact value 
of A1010 steel is lower than that associated with carbon steel. This means that A1010 steel 
is a much cleaner alternative to carbon steel for bridge construction. 
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 The inventory categories considered in this study are only inorganic gases. In the future, 
other relevant emissions or pollutants can be added to the inventory categories. The impact 
categories can also be enlarged. With growing consensus on converting impact categories to 
damage categories, LCEA can continue to the damage categories in the future.  
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Appendix 
The input emission data was collected from several different sources. All the input variables not 
being used for computation are listed in the appendix. 
Table A.1 CO2 emissions caused by steel production from different sources 
Inventory  Range Reference  
CO2 （ton/ton of steel） 
 
 
      
 
 
 
 
 
 
1.83 World steel association (2017) 
1.9 Kundak et al. (2009). 
1.6 to 2.2 BOF International energy agency 
(IEA) (2011) 
1.4 to 2.0 EAF  
0.6 to 0.9 EAF with scrap  
2.148 China Hasanbeigi, Ali, et al. (2015). 
      
 
 
1.708 Germany 
1.736 USA 
1.080 Mexico  
2.9 with stainless steel ISSF report (2015) 
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Table A.2 Other emissions caused by steel casting process from different sources 
Inventory  Range  Reference  
SO2(g/ton of steel) 24 to 130 European environment agency 
(2016) 
 90.6 minimill EPA report AP-42 (2018) 
CO(g/ton of steel) 740 to 3900 European environment agency 
(2016) 
 2200  EPA report AP-42 (2018) 
 6900 BOF  
 900 EAF  
 815.4   
NOx(g/ton of steel) 120 to 140 European environment agency 
(2016) 
 10.8 EPA report AP-42 (2018) 
 
Table A.3 Energy needed for steel casting 
Process Energy (GJ/ton of steel) Energy source Reference 
Pig iron 13.5 Coal Martelaro et al. (2017) 
 14.89  Kim et al. (2002) 
 16.35  Stubbles et al（2000） 
BOF 11 Coal Martelaro et al. (2017) 
 14.84  Stubbles et al.
（2000） 
 13.5 Natural gas Martelaro et al. (2017) 
EAF 2.25 Electricity Martelaro et al. (2017) 
 5.96  Stubbles et al. (2000) 
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Table A.4 Emissions caused by zinc production from different sources 
Inventory  Value  Reference  
Energy consumption 37.5 GJ/ton of zinc Van Genderen et al. (2016) 
CO2 emission 2600kg/ton of zinc  
SO2 emission 2279g/ton of zinc 
(uncontrolled) 
36g/ton of zinc 
(controlled) 
EPA report AP-42 (2018) 
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